Introducing agro-ecological techniques such as no-tillage systems with cover crops in rotations with soybean (Glycine max (L.) Merr.) could provide more resilience to changing climatic conditions and, at the same time, reduce soil erosion, nitrate leaching, and weed density in the main crop. However, there are challenges in introducing no-tillage techniques in crop systems in Europe as there is little quantitative knowledge about the agro-economic impact. The objectives of this study were to evaluate the agronomic and economic impacts of three soybean cropping systems involving a rye (Secale cereal L.) cover crop prior to soybean, i.e., two no-tillage systems; either herbicide-free with crimping the rye or herbicide-based without rye crimping and one plough-based in which rye was cut as green silage. The impacts of these cropping strategies were compared in a three-year cropping system experiment at a research station in north-eastern Germany with and without irrigation. The following parameters were measured: (1) cover crop biomass; (2) weed biomass; (3) soybean plant density; (4) soybean grain yield; and (5) gross margin of the cropping system. The results showed that all three soybean cropping systems can effectively suppress weeds. System (C), the no-tillage herbicide-based system, produced the lowest rye biomass and highest soybean yield; system (B), the no-tillage herbicide-free/crimped rye system, produced the highest rye biomass and lowest soybean yield compared to system (A), the standard cutting/plough-based system. The differences in rye biomass and soybean yield observed between the three systems could be mainly attributed to the timing of the cover crop termination and the soybean sowing date. The gross margin was highest in system (C), due to the high soybean grain yield. The low soybean grain yield in system (B) resulted in lower revenues and gross margins compared to systems (A) and (C), although system (B) could be economically attractive in organic farming with higher prices for organic soybean. In the particularly dry year 2016, gross margins were higher when soybean was irrigated compared to the rainfed cultivation, due to significantly higher grain yields. Before recommending the application of the no-tillage with cover crop technique for the conditions tested in north-eastern Germany, more investigations on the benefits and risks of this technique are needed. Further research needs to focus on maintaining a high rye biomass as well as on ensuring an early soybean planting date. Optimizing the crimping and drilling equipment is still required in order to develop good management practices for no-tillage herbicide-free systems in European conditions.
Introduction
Climate change has adverse effects on crop production in Europe [1] . Adaption to climate change is crucial especially for grain legumes [2] and other spring crops that tend to have low yield stability [3] . Adaptation options include adjusting the crop management, choice of cultivars and design of the cropping system [4, 5] . Northern Germany is expected to be affected by climate change including an increase in average annual temperature, shifts in seasonality of precipitation (decreased in summer, increased in winter), shifts in potential evaporation, increasing incidence of milder winters, an increased frequency of periods of drought and heavy precipitation, and an extended vegetation period [6] .
As a consequence, the cool-season grain legumes such as lupins, field peas and faba beans are likely to respond with a reduced yield stability that has been observed in long-term field experiments over the last 60 years [7] and will not be able to take advantage of the higher temperatures and increase in vegetation period. Consequently, soybean (Glycine max (L.) Merr.) as a warm-season grain legume could benefit from these higher temperatures and longer vegetation periods in central Europe and provide an alternative to the cool-season grain legumes [8, 9] . The cultivation of soybean in Europe is done as a summer annual grain crop using short-day adapted varieties. Late sowing dates of soybean in May means that a cover crop could be included prior to soybean planting to cover the soil during winter. However, little is known on cover crops used before grain legume sowing.
The main driver for growing cover crops prior to grain legumes, besides reducing wind and water erosion and increasing soil organic matter, is weed suppression before and during the growing season [10] . This is important since soybean is very sensitive to weed infestation especially in low-input and organic farming [11] . The mechanisms of weed suppression by cover crops are diverse and depend, besides other factors, on the termination method. A common approach uses broad spectrum herbicides based on glyphosate and atrazine to terminate the cover crops. Mechanical cutting and grazing can also be used to kill cover crops. A novel approach for cover crop termination is crimping, using a roller-crimper [12] . With all these approaches, the cover crop mulch layer inhibits the weed physically (due to shading), chemically (allelopathy) or by direct competition for resources [13] .
Prevailing production systems couple cover crops with conservation tillage (CT) to enhance the ecological benefits e.g., no-tillage cover-crop systems after legume crops is the most common conservation agriculture (CA) application known to optimize utilization of nitrogen, thereby reducing nitrate leaching [14] . The use of cover crops in CA adds also further environmental benefits such as soil erosion control, increases soil organic carbon and thus enhancing soil fertility [15] as well as improvement of soil properties, microflora and fauna [16] .
While such no-tillage cover-crop systems are more common for growing soybean in the US [17, 18] , their agronomic and economic potentials and limitations have not been investigated under Central European conditions except for the study by Weber et al. [12] in organic farming. To investigate the agro-economic potential of the novel no-tillage cover-crop systems in soybean, a three year field experiment was established on sandy soils in north-eastern Germany. The objectives were to assess the agronomic effects of the different cover crop systems on (i) soybean plant density, (ii) cover crop biomass, (iii) weed suppression and (iv) soybean grain yield as well as (v) the related economic opportunities and limitations of growing soybean in no-tillage cover-crop systems.
Materials and Methods

Study Site
The study was implemented in north-eastern Germany in the federal state of Brandenburg. A field experiment was conducted at the research station of the Leibniz Centre for Agricultural Landscape Research (ZALF) in Müncheberg (52 • 31 N, 14 • 7 E, 60 m.; NE Germany). Soils in the research station are from glacial deposits and are predominantly sandy loams and loamy sands with a high spatial heterogeneity containing on average 61% sand, 27% silt and 12% clay. The soil pH (KCl) ranges between 6.1 and 6.9, the total soil carbon between 4 g kg −1 and 7 g kg −1 and the plant available water holding Agronomy 2019, 9, 883 3 of 17 capacity is estimated at 150 mm in the rooting zone of 1 m. During the last 40 years the climate measured in the experimental field in Müncheberg showed that the mean annual temperature increased from 8.5°C in the period 1970-2000 to 9.0°C in the period of 1980-2010. There was also an increase in the annual precipitation rate in the same period from 521 mm p.a. to 565 mm p.a. However, this increase was combined with a shift in the precipitation distribution with more precipitation in the winter months (Jan., Feb.) and less in April and more heavy precipitation events in the summer months [19] . During the study period from 2015-2017, the annual precipitation varied from 451 mm in the dry year in 2016 to 635 mm in 2017. Monthly rainfall totals and average temperatures for each year are presented in the results section.
The study took place on three different fields over three successive growing seasons, starting in fall 2014 with the establishment of winter rye (Secale cereal L.) as a cover crop. The experiments were designed by scientists, influenced by farmers' interests and constraints in managing weeds effectively without additional weeding or herbicide applications, following Reckling et al. [5] .
Design of the Field Experiments
All treatments were arranged in a split-plot design with four replications. Whole plots consisted of cropping systems while subplots were irrigation (with/without) that was omitted in 2015 and 2017, when precipitation was sufficient and irrigation was unnecessary. Individual plots were 8.5 m × 12 m in size.
Three cropping systems were compared:
• System (A)-a standard "cutting/plough-based system", in which the previous rye cover crop was cut and removed, and plots were tilled immediately to 23 cm deep by reversible plow combined with packer to level the seedbed in spring (9-17 May). Then soybean was sown with a standard drill at the optimal time (11-19 May). • System (B)-a "no-tillage herbicide-free system", where the previous rye cover crop was crimped at rye flowering (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) , left on the field and soybean sown with a direct seeding drill immediately, without any later chemical regulation of weeds. • System (C)-a "no-tillage herbicide-based system", in which the previous rye cover crop was killed with a broad-spectrum systemic herbicide (glyphosate) at the end of stem extension period (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) April) when the most mature rye was at booting stage (BBCH: 31); with no further soil tillage, soybean sown with a direct seeding drill at the optimal sowing time (11) (12) (13) (14) (15) (16) (17) May, similar to system (A)) and with subsequent application of pre-emergent and post-emergent herbicides.
All soybean crops followed a winter rye cover crop that was established in autumn (27 Sept-10 Oct) using a standard drill in 10 cm rows at 250 seeds m −2 . In 2017, the seeding rate was increased to 350 seeds m −2 . For weed management a single broadcast application for pre-emergence herbicides was applied ( Table 1) .
The soybean cultivar Merlin (maturity group 000) was planted at a rate of 65 seeds m −2 in 2015 and 80 seeds m −2 in 2016 and 2017. Adjustments were needed to increase the rate of emergence, especially in the system where the cover crop was crimped. All three systems were tested with and without irrigation. Irrigation was applied as needed, depending on rainfall events. Irrigation amounts and timing were modelled with the Web-BEREST irrigation software. Web-BEREST calculates the irrigation water based on the crop demand using the coefficient of actual to potential evapotranspiration. Detailed information on the model assumptions and equations are provided by Mirschel et al. [20] . 
Data Collection
Biomass of cover crop was measured in April for system (C) and May for systems (A) and (B), prior to termination, by clipping plants at the soil level from a single 0.5 m 2 quadrat per replication.
Plants were dried at 65°C for 48 h and weighed to determine dry weight per plot. Soybean density was measured 12 days after planting, and soybean/weed stand was measured in late July, by clipping all plants within a single 0.5 m 2 quadrat for each replication. Soybean and weeds plants were separated to determine the fresh and dry weight. Soybean yield was determined between 5-22 October through the machine-harvesting operation of mature plants within 15-17 m 2 . System (B) was omitted in 2015 when soybean density data were analyzed, due to difficulty in seeding through thick rye residue and poor plant stand.
A simple economic calculation was performed. Revenues were calculated for each cropping system i.e., the rye biomass and soybean grain yield and producer prices for both rye biomass and soybean grain in Germany from 2018. The variable costs included all inputs i.e., seeds, inoculum, fertilizers, herbicides and operations for soil tillage, sowing, fertilizer application, rye termination, harvesting, irrigation and/or harvesting of rye green biomass. The price for conventional soybean grain was 350 € t −1 and the price of organic soybean grain was 800 € t −1 in 2018, with 71% higher seed costs for organic than for conventional seeds. The price for rye biomass was valued at 78.6 € t −1 .
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Statistical Analysis
Data were subject to two-way ANOVA, using the SAS ® 9.2 PROC MIXED procedure (SAS Institute Inc., Cary, NC, USA), after satisfying the assumptions for normality and homogeneity of variance. When an interaction was not significant, it was removed from the model, and the data were reanalyzed without the interaction.
Two-way-ANOVA, followed by Tukey's post hoc test, was performed to compare the main effects of cropping system and year for the plots without irrigation and the interaction effect between cropping system and year on soybean yield, rye and weed biomass.
Additionally in 2016, Two-way-ANOVA, followed by classical t-tests between different treatments within irrigation and followed by Tukey's post hoc test between different treatments within cropping system, was performed to compare the main effects of cropping system and irrigation and the interaction effect between cropping system and irrigation on soybean yield and weed biomass. The cropping systems included three types (systems (A), (B), and (C)), data were collected for three years (2015, 2016, and 2017), and two irrigation conditions were considered (with and without irrigation).
Linear regression was performed to identify potential relationships between soybean grain yields and weed biomass under all three cropping systems. Additionally, regressions were used to identify potential effects of rye biomass in system (B) on soybean yield and weed biomass. The Pearson's correlation coefficients were calculated using the software SAS ® 9.2 PROC REG procedures for multivariate data analysis (SAS Institute Inc., Cary, NC, USA).
Results
Climate
Cumulative precipitation during the 5-month growing season (May-September) was at least 12% higher than the 25-year average of 308 mm in 2017, but only 70% of the 25-year average in 2016, and only 64% of the 25-year average in 2015. Moreover, distribution of precipitation did not favor soybean germination in 2016, since less than 5 mm was received during May, this lower amount was only 9% of precipitation received in 25-year average of 55 mm.
Distribution of precipitation during the growing season also favored soybean seed production in 2017, with greater-than-average amounts of precipitation occurring during June and July when the majority of soybean vegetative and reproductive growth typically occurs in northeastern Germany.
Monthly growing-season temperatures were near the 25-year average of 16.3°C in 2015 and 2017, 1.3°C warmer than the 25-year average in 2016. Temperatures in June and July were comparable to the 25-year average in three experimental years ( Table 2 ).
Soybean Plant Density
There was a significant interactions for soybean plant density between cropping system and year (p = 0.0003) ( Figure 1 ). In 2017, soybean densities differed with the cropping system, with significantly higher soybean densities at system (A) compared to system (B) and system (C). In 2016 and 2015, higher soybean densities were found in system (C) compared to system (A) and system (B), however, these differences were not significant. In all systems, soybean densities in 2016 were reduced on average by 50% from the target plant density and ranged from 30 to 40 plants m −2 . Soybean density in 2017 achieved consistent soybean densities between 60 and 75 plants m −2 (Figure 1 ). 
Cover Crop Biomass
A two-way analysis of variance was conducted on the influence of cropping system and year on rye biomass. Significant interactions were detected between year and cropping systems (p < 0.001) ( Figure 2 ).
The dry weight of rye shoot biomass at the time of treatment with glyphosate at system (C) was significantly lowest in all years, whereas the dry weight of the mowed rye at the system (A) was intermediate. Biomass was the highest in no-tillage herbicide-free system in system (B) ( Figure 2) , with no significant difference between system (A) and system (B) in 2016. 
A two-way analysis of variance was conducted on the influence of cropping system and year on rye biomass. Significant interactions were detected between year and cropping systems (p < 0.001) ( Figure 2 ). 
Weed Suppression
There was a significant interaction between cropping system and year for weed biomass without irrigation (p < 0.001). Weed biomass at soybean flowering was not affected by the cropping system in 2017. In 2016, weed biomass in system (C) was significantly less than in systems (A) and (B). Thus, both conservation tillage systems (B) and (C) can effectively suppress weeds similarly to standard ploughed system (A) ( Figure 3 ).
There was no significant interaction effects for weed biomass in 2016 between cropping system and irrigation (p = 0.23), while the main effects of cropping system and irrigation were significant. Irrigation in 2016 increased significantly weed biomass (p = 0.006) in all three cropping systems. There was a significant difference between systems (p = 0.0003), with system (C) having significant lower weed biomass than system (A) and system (B) (Figure 4 ).
Soybean grain yield was only weakly correlated with weed biomass in all cropping systems (Intercept = 30.25 ± 3.06 and slope = −0.74 ± 0.34 adjusted R 2 = 0.248, p =0.049). There was a strong negative correlation between rye cover crop biomass at the time of termination and weed biomass in the following soybean crop (Intercept = 58.17 ± 3.93 and slope = −0.69 ± 0.05 adjusted R 2 = 0.937, p < 0.001). The dry weight of rye shoot biomass at the time of treatment with glyphosate at system (C) was significantly lowest in all years, whereas the dry weight of the mowed rye at the system (A) was intermediate. Biomass was the highest in no-tillage herbicide-free system in system (B) ( Figure 2) , with no significant difference between system (A) and system (B) in 2016.
There was a significant interaction between cropping system and year for weed biomass without irrigation (p < 0.001). Weed biomass at soybean flowering was not affected by the cropping system in 2017. In 2016, weed biomass in system (C) was significantly less than in systems (A) and (B). Thus, both conservation tillage systems (B) and (C) can effectively suppress weeds similarly to standard ploughed system (A) (Figure 3 ).
Soybean grain yield was only weakly correlated with weed biomass in all cropping systems (Intercept = 30.25 ± 3.06 and slope = −0.74 ± 0.34 adjusted R 2 = 0.248, p =0.049). There was a strong negative correlation between rye cover crop biomass at the time of termination and weed biomass in the following soybean crop (Intercept = 58.17 ± 3.93 and slope = −0.69 ± 0.05 adjusted R 2 = 0.937, p < 0.001).
Agronomy 2019, 9, Standard error bars are presented (n = 4). Means followed by the same letter are not significantly different at P≤0.05. Lowercase letters allow for comparison among cropping system (P=0.0003). Uppercase letters allow for comparison between with and without irrigation (p = 0.006).
Soybean Yield
There was a significant interaction for soybean yield between cropping system and year under rainfall conditions (p < 0.001) ( Figure 5 ). In 2015 no differences could be detected between cropping Agronomy 2019, 9, 883 9 of 17 systems. While system (C) outperformed system (A) and (B) in 2016, system (C) was not statistically different from system (A) and system (B). Otherwise, a significant difference was observed between system (A) and system (B) in 2017 ( Figure 5 ).
There was a significant interaction for soybean yield between cropping system and year under rainfall conditions (p < 0.001) ( Figure 5 ). In 2015 no differences could be detected between cropping systems. While system (C) outperformed system (A) and (B) in 2016, system (C) was not statistically different from system (A) and system (B). Otherwise, a significant difference was observed between system (A) and system (B) in 2017 ( Figure 5 ).
In 2016, there were significant two-way interactions for soybean yield between cropping system and irrigation (p = 0.02). With and without irrigation, system (C) outperformed system (A) and (B) and there was no significant difference between system (A) and system (B) ( Figure 6 ). Grain yield responded to irrigation in all systems. These responses to irrigation were highest in system (B) (264% higher yield with irrigation), compared to system (A) (105% higher yield with irrigation) and the lowest effect, but highest absolute yields were found in system (C) (61% higher yield with irrigation). In 2016, there were significant two-way interactions for soybean yield between cropping system and irrigation (p = 0.02). With and without irrigation, system (C) outperformed system (A) and (B) and there was no significant difference between system (A) and system (B) ( Figure 6 ). Grain yield responded to irrigation in all systems. These responses to irrigation were highest in system (B) (264% higher yield with irrigation), compared to system (A) (105% higher yield with irrigation) and the lowest effect, but highest absolute yields were found in system (C) (61% higher yield with irrigation).
Economic Results
Economic results were affected by the cropping system, the presence of irrigation and differences in prices. System (A) achieved a gross margin of 380 € ha -1 in the rainfed system, which was lower than system (C) with 463 € ha −1 . The gross margin for system (B) was negative with a conventional price (−172 € ha −1 ) and positive with an organic price (447 € ha −1 ). The main differences between the cropping systems resulted from the differences in soybean revenues, which were 975 € ha −1 in the standard system (A), 1254 € ha −1 in system (C), and 557 € ha −1 in system (B) if the price of conventional soybean was used, 1176 € ha −1 when the organic price was assumed. The second difference in the cropping system came from the variable costs, which were 1052 € ha −1 when the rye biomass was harvested, and the field was ploughed (system (A)), 696 € ha −1 when the rye was crimped (system (B)), and 792 € ha −1 when rye was killed with the contact herbicide (system (C)). This amount was broken down into the cost for rye cultivation, which was equal for all systems, as well as the costs for soybean cultivation and rye termination, which were varied between the cropping systems (Figure 7) .
In all three systems, the use of irrigation increased the variable costs by 270 €/ha on average in 2016 compared to rainfed cultivation. The largest effects on the additional revenues from irrigation in 2016 were achieved in system (B) which responded best to the addition water supply (Figure 8 ). 
Economic results were affected by the cropping system, the presence of irrigation and differences in prices. System (A) achieved a gross margin of 380 € ha -1 in the rainfed system, which was lower than system (C) with 463 € ha −1 . The gross margin for system (B) was negative with a conventional price (−172 € ha −1 ) and positive with an organic price (447 € ha −1 ). The main differences between the cropping systems resulted from the differences in soybean revenues, which were 975 € ha −1 in the standard system (A), 1254 € ha −1 in system (C), and 557 € ha −1 in system (B) if the price of conventional soybean was used, 1176 € ha −1 when the organic price was assumed. The second difference in the cropping system came from the variable costs, which were 1052 € ha −1 when the rye biomass was harvested, and the field was ploughed (system (A)), 696 € ha −1 when the rye was crimped (system (B)), and 792 € ha −1 when rye was killed with the contact herbicide (system (C)). This amount was broken down into the cost for rye cultivation, which was equal for all systems, as well as the costs for soybean cultivation and rye termination, which were varied between the cropping systems (Figure 7) . In all three systems, the use of irrigation increased the variable costs by 270 €/ha on average in 2016 compared to rainfed cultivation. The largest effects on the additional revenues from irrigation in 2016 were achieved in system (B) which responded best to the addition water supply (Figure 8 ).
Figure 7.
Comparison of average revenue, variable cost and gross margin for two no-tillage systems and tillage system from 2015 to 2017, all without irrigation. Abbreviations: System (A), Cutting/plough-based system; System (B), No-tillage herbicide-free system; System (C), No-tillage herbicide-based system. and tillage system from 2015 to 2017, all without irrigation. Abbreviations: System (A), Cutting/plough-based system; System (B), No-tillage herbicide-free system; System (C), No-tillage herbicide-based system.
Discussion
In central Europe, soybean production is only possible annually during summer, when th danger of frost ends. This poses a major challenge to sustainable agriculture, requiring to maintain ground cover over the winter months. For this reason, the interest in cover crops prior to soybean planting in central Europe is increasing [21] . Cover crops are preferred not just because they reduc wind and water erosion and increase soil organic matter but also because they have weed suppressing effects before and during the growing season [22] . Terminating cover crops by plough is not suitable for sustainable agriculture, since soil disturbance should be minimized within thi system.
In this trial, using two no-tillage cover-crop systems, weeds were managed during the soybean growing season equally or better than by using the cutting/plough-based system (system (A)) However, a higher soybean yield was obtained with the no-tillage herbicide-based system (System (C) than with the cutting/plough-based system, which outperformed the no-tillage herbicide-fre system (System (B) ).
The date of termination differed among the cropping systems in this trial, and that could have a major effect on the sowing dates and finally, the yields. Rye in system (C) was terminated at the booting stage to maximize the effectiveness of glyphosate, which decreases when plants reach reproductive stages [23, 24] . The cutting date of rye in system (A) was at the head emergence stage to maximize yield and feed quality traits [25, 26] . In system (B), rye could only be terminated at anthesi (flowering) stage, following the recommendations of Keene et al. [18] in Canada, and Ashford and Reeves [27] in the northern USA, and thereby increasing the effectiveness of the roller-crimper fo killing rye. The late cover crop termination in system (B) prevented an early soybean sowing date 
In central Europe, soybean production is only possible annually during summer, when the danger of frost ends. This poses a major challenge to sustainable agriculture, requiring to maintain ground cover over the winter months. For this reason, the interest in cover crops prior to soybean planting in central Europe is increasing [21] . Cover crops are preferred not just because they reduce wind and water erosion and increase soil organic matter but also because they have weed-suppressing effects before and during the growing season [22] . Terminating cover crops by plough is not suitable for sustainable agriculture, since soil disturbance should be minimized within this system.
In this trial, using two no-tillage cover-crop systems, weeds were managed during the soybean growing season equally or better than by using the cutting/plough-based system (system (A)). However, a higher soybean yield was obtained with the no-tillage herbicide-based system (System (C) than with the cutting/plough-based system, which outperformed the no-tillage herbicide-free system (System (B)).
The date of termination differed among the cropping systems in this trial, and that could have a major effect on the sowing dates and finally, the yields. Rye in system (C) was terminated at the booting stage to maximize the effectiveness of glyphosate, which decreases when plants reach reproductive stages [23, 24] . The cutting date of rye in system (A) was at the head emergence stage to maximize yield and feed quality traits [25, 26] . In system (B), rye could only be terminated at anthesis (flowering) stage, following the recommendations of Keene et al. [18] in Canada, and Ashford and Reeves [27] in the northern USA, and thereby increasing the effectiveness of the roller-crimper for killing rye. The late cover crop termination in system (B) prevented an early soybean sowing date, which is needed for achieving high yields in no-tillage herbicide-free systems. Previous research suggested strategies to allow an earlier planting date, i.e., using earlier-flowering rye cultivars [17, 28] , planting rye earlier [10, 26, [29] [30] [31] , planting soybean at the boot stage of rye cultivars with low regrowth potential [32, 33] , and planting soybean into standing rye prior to termination.
Soybean Productivity
The variation in soybean yield among cropping systems was largely influenced by the differences in soybean establishment. This makes it difficult to attribute this effect to the different features of the soil tillage systems. In our trial, the use of glyphosate to terminate the cover crop in the no-tillage system had the potential to achieve higher or similar soybean yields compared to those obtained using a standard cutting/plough-based system, whereas using a crimper to terminate the cover crop in the no-tillage system appeared to be less successful in this regard.
The typical soybean planting date in eastern Germany is from late April to mid-May [8] . However, soybean following crimped rye (system (B)) was planted during late May in this study to allow the cover crops to reach anthesis, thus facilitating better roller-crimper efficacy [17, 27, [34] [35] [36] [37] [38] [39] . This delayed the planting date of soybean and subsequently limited the yield potential [40, 41] . Soybean in the systems (A) and (C) was sown earlier than in system (B), providing the plants more time to establish and fill the pods, which is important considering that soybean is a short-day plant, sensitive to the photoperiod when grown in summer in Europe [42, 43] . Conversely, a late planting date of soybean in system (B) resulted in a less vigorous vegetative growth, a lower number of branches able to produce pods, and a lower soybean yield potential per plant [41, 43] . Additionally, the longer growing time of the cover crop often results in increased water use in the growing season. This, in turn, reduces the soil moisture available to soybean, which potentially increases the risk of a dry soil profile [28, 35] . Moreover, Flower et al. [10] indicated that late killing of the cover crop reduces soil water storage. While cover crops are known to improve water retention (especially during winter), they are not able to offset crop yield declines that may occur because of temperature and water stress [19, 30] .
Soybean densities were lower for all systems in 2016 compared to 2017. Low soybean densities could be partially responsible for the relatively low soybean grain yields in 2016 for all systems compared to 2017. Higher plant densities result in canopy closure earlier in the season, which can be conducive to increased light interception, reduced soil moisture loss, prevention of the establishment of early-emerging weed, and increased crop yield [36, 37] . Cumulative precipitation from May to September in the warmer year of 2016 was lower than in 2017, which could partly explain the yield differences between the two years. In dry years, the plants were often extremely short, and the lowest pods were very close to the ground, which increased losses during harvesting [37, 38, 40, 42] . Mandić et al. [39] pointed out the importance of rainfall for soybean grain yield in north Serbia. Their study concluded that soybean grain yield had a strong positive relationship with the amount of rainfall during the growing season, especially in May, July, and August.
In 2016, in system (C), soybean produced higher yields than in systems (A) and (B), possibly because soil moisture was reduced after tillage during the harsh drought spring or was reduced by transpiration during cover crop growth until its flowering [24, 33, 34, 36] . This theory is supported by the results of Bernstein et al. [33] , who showed that after late rye termination in a dry year, soil moisture at depths below 20 cm was more reduced in a no-tillage system than in ploughed systems.
Cover Crop Biomass
Rye cover crop biomass was the lowest in system (C) compared to systems (A) and (B) in all years. Rye in the system (A) built intermediate rye biomass until the cutting date. The earlier termination dates of rye cover crops contributed to an apparent reduction in biomass of sprayed and mowed rye compared to the biomass of rolled-crimped rye. Rapid accumulation of rye biomass occurred in system (B) (roller-crimped) over the 28-37 days after the application of glyphosate in system (C) or 9-16 days after cutting in system (A). Previous research from Pennsylvania (USA) showed a37% increase in biomass with each 10-day delay in cover crop termination in spring [44] .
In addition to the rye termination date, rainfall strongly influenced rye biomass accumulation. Rye biomass was lower in all systems in 2016 compared to 2015 and 2017. Differences in monthly precipitation from March to May during the study period explain why biomass results varied among these years. The rye cover crop was exposed to drought stress during the vegetative rye growth in 2016, which reduced the rye biomass production. This finding is in agreement with Alonso-Ayuso et al. [45] , who showed that the above-ground biomass was double in a typical or humid year than in a dry year. Also, Idowu and Grover [46] found that a major challenge of cover crop adaptation in dry areas is the availability of water to grow cover crops.
Weed Suppression
Termination methods of rye suppressed weeds prior to soybean growing season, in system (A) during mechanical cutting and by ploughing the top soil layer, in system (B) during mechanical crimping and in system (C) by application of glyphosate that killed not only rye but also the weeds. Pre-emergence herbicide was applied in systems (A) and (C) to regulate weeds during the soybean growing season. Rye as a cover-crop in the crimped system (B) regulated weeds through mechanical (crimping) and biological suppression by inhibiting the germination of weed seeds (due to shadow and allelopathy) or by direct competition for resources [13] . In our trial, the use of both no-tillage cover-crop systems suppressed the weed and formed less or similar weed biomass compared to the standard cutting/plough-based system. Our results indicate efficiency of weed suppression in no-tillage systems with additional practices such as mechanical in system (B) or chemical system (C) including cover crops [10, 47] .
The weed biomass in 2017 was significantly lower than in 2016. This observation might be attributed to low precipitation in 2016, which had a greater effect on rye biomass at the termination date and the loss of rye residues than in the humid year 2017. Smith, et al. [48] found an increased weed competition within the row in conditions with low rye biomass. Furthermore, cover crop biomass was negatively correlated with weed density. This is in agreement with Witter, et al., [49] who showed that the higher the cover crop biomass, the lower the weed density. Insufficient soil moisture [28] , inadequate seed placement [40] , and poor seed-to-soil contact [31] can explain the influence of cover crop biomass on weed emergence in soybean.
Irrigation
Plots were only irrigated in 2016 because of insufficient rainfall from May to September. The use of irrigation increased soybean yields in our study (in 2016) and other investigations [50, 51] . Drought stress at the critical phases, i.e., from flowering to pod filling, could lead to the defoliation of flower buds. However, the delay in the supply of irrigation water cannot always compensate for the damage [52] .
The need for irrigation should be different among the systems, due to different sowing dates and water loss during termination. The negative effects of the rolled rye treatment on soybean yield reported by Davis [17] may have been caused by continued water use of cover crops crimped. In conservation tillage systems, the recommended rye termination date is 4 weeks prior to the soybean planting date [27] , to minimize the problems of emergence as a result of soil water depletion.
The higher weed biomass on the irrigated plots can be attributed to the higher moisture in the topsoil, which stimulated the germination of weed seeds that could compete better with the soybeans. Ferdous et al. [53] reported a significant increase of weed dry matter at 40 days after planting in irrigated plots than in non-irrigated plots. In contrast, many previous studies reported that weed resurgence was not affected by irrigation significantly. This complete soybean canopy formed during Agronomy 2019, 9, 883 14 of 17 the growing season can increase weed suppression and weed biomass better in the irrigated than non-irrigated plots [54] .
Economic Assessment
The soybean revenue in system (C) were higher because of higher soybean yield. Although, low grain yields of soybean in system (B) had a negative effect on the total revenue, high prices for organic soybean of 800 € ha −1 versus 380 € ha −1 for conventional soybean could compensate for the lower yields resulting in an overall positive gross margin.
The highest variable cost of introducing rye as a cover crop in system (A) would be covered by selling the rye biomass as animal feed (at 456 € ha −1 ). In general, conservation systems (B) and (C) appeared to perform better with irrigation, where competition for water reduced, resulting enhanced crop growth and increased revenues. This potentially enhanced returns on investment, as demonstrated by Snapp et al., [51] . An additional benefit of cover crops is that they can reduce nitrate leaching during winter [16] , although, currently, this is not a sufficient incentive to overcome the additional costs from growing cover crops.
Conclusions
This study demonstrated the high efficiency of no-tillage cover-crop systems in controlling weeds during soybean growing season. Soybean yield was lower for the no-tillage herbicide-free system, which could be attributed to the late cover crop termination date in this system. The low soybean yield for the herbicide-free system resulted in low revenues and gross margins, which would only be economically attractive in organic farming, where the selling price of soybean is relatively higher.
Although irrigation promoted weed growth, it also increased soybean yields in all cropping systems. The additional costs of irrigation were covered by the higher revenues resulting from higher soybean yields in dry years, as observed in 2016.
We conclude that more investigations on the benefits and risks of no-tillage cover-crop management are needed before the technique can be recommended for the conditions tested in north-eastern Germany.
